Abstract --For high-speed machines applications, eddycurrent losses in the interior permanent magnet of synchronous machine (IPMSM) form a portion of the total losses which can be significant. Indeed, the magnets are exposed to the harmonic fields which rotate with respect to the rotor. The induced losses in the magnets provoke temperature arising that must be limited to avoid the risk of demagnetization. The study carries out a prediction of eddy current losses in PM where the skin effect is considered. A complete analytical model is presented and compared to 3D Finite Element (FE) harmonic computations. The results given by the proposed model are in agreement with the FEA results for local electromagnetic quantities and loss calculations. This approach can be useful for losses estimation in magnets when designing machines by analytical method.
I. INTRODUCTION
N many applications such as compressors, machine tools, vacuum pumps, turbine generators, inertia wheels, high speed electrical machines are of great interest [1] . Most of the time, these machines are used quite continuously. So they need to have a good efficiency to avoid over electrical consumption. For this reason, the permanent magnet synchronous machines are recommended for high rotational speeds. The design of these machines is very sensitive due to the high rotational speed aspects such as thermal behavior, especially when considering magnets demagnetization due to an overheating.
To avoid such impediments, the losses in the magnets must be evaluated and kept below a sufficiently low level during the design of the machine. This is emphasized by the difficulty to evacuate the heat generated in the rotor.
High speed machines involve high electrical frequency. When fed by a Voltage Source Inverter (VSI) under Pulse Width Modulation (PWM) technique, the maximal switching frequency can be limited because of the temperature rise in the semiconductors. This can lead to significant current harmonics in the machine and consequently to higher iron losses [2] and to higher PM losses at high frequencies [3] . Thus, due to the high rotation speed, attention will be paid to the frequency effect on losses.
The total losses in permanents magnets of synchronous machine are mainly due to induced currents created by the macroscopic variation of magnetic flux density B(t) in conductive material. In literature, these losses are often calculated assuming that the behavior law for the magnet is linear; the permanent magnet can be modeled by a single solid conductor, with conductivity σ and permeability µ almost equal to air permeability [3] [4] [5] [6] . This hypothesis was verified in the case of magnet submitted to an alternative flux for a range of frequency from 100 Hz to 100 kHz [7] .
An analytical equation of the eddy-current losses in magnets of PMSM, due to time harmonics of stator currents, has been developed [4] to consider the effect of PM circumferential segmentations and has been proved by comparing calculated and measured impedances of PM machine for different harmonics at 1~10kHz. However, this equation was based on assumption that the pole-arc dimension of magnet is small enough to consider a uniform flux density over it.
In [5] [8] [9] , both analytical and finite element (FE) methods for predicting the eddy-current losses in magnets of PMSM, due to space harmonics of magnetomotive force (MMF), have been presented in order to quantify the efficiency of segmentations of PM. The reported analytical techniques to evaluate the eddy-current losses, for the cases when skin depth at the frequencies of interest is greater than both pole-arc and radial dimensions of magnets, were validated by 2D time-stepping finite element (FE) analysis [9] [10] , and by 3D magneto-static FE analysis [5] .
However, the condition that "skin depth is greater than both pole-arc width and radial height", is not always satisfied. Recently, using 3D time-stepping finite element nonlinear analysis, the authors of reference [6] have studied the effect of axial segmentation on loss of Interior PM Motor. To explain these results, authors introduced theoretical solutions of the eddy-current losses with the influence of skin effect in thin conductor, when a uniform magnetic field is applied. The study we propose is based on analytical modelling for eddy currents in magnets at low and high frequency. This model is used to calculate the losses whatever the skin effect. Consequently this kind of model can be used on design procedures, involving the need for an accurate calculation of rotor losses to define the machine efficiency for example.
II. MACHINE UNDER STUDY
This study will focus on a particular kind of IPMSM whose rotor uses the "flux focus principle" in which magnets are located with a circumferential magnetization (Fig. 1) . It is composed of a shaft which is often made of magnetic iron, with a nonferromagnetic hub in order to prevent magnetic flux leakage through the shaft. The magnets are inserted between the pole pieces. Table I shows the specifications of the 3-phase high speed IPMSM.
The aim of this paper is then to propose an estimation of PM losses which in high speed IPMSM. Because of the rotor structure, the losses due to the stator slots are assumed to be negligible compared to those generated by time-harmonic currents which are mainly considered in the paper.
III. ANALYTICAL MODELS FOR FIELD AND LOSS CALCULATIONS
A. Magnet's magnetic flux density computation: Ampere's law + Gauss' law The magnetic flux density in the magnets is computed as the sum of the field generated by d-axis stator current and the field generated by q-axis stator current [10] .
The magnetic material is supposed to be unsaturated and has linear behavior. This assumption is quite always satisfied in high speed machines to avoid excessive iron losses [11] .
A FE analysis of the magnetic flux density distribution inside the machine, in both cases of q-axis stator current reaction and d-axis stator current reaction, is performed. The magnetic flux density lines are depicted in Fig. 2 and Fig. 3 . Noticeably the flux lines do not cross the magnets in q-axis configuration. Thus only the d-axis stator currents and their time-variations lead to the magnet's eddy-current losses. Consequently the analytical model for magnet magnetic flux density computation will be focused on d-axis stator current configuration.
In this configuration, a set of balanced three phase currents is injected in the stator winding in such a way that the resulting stator current phasor is in line with the d-axis. The schema for computation principle is given in Fig. 4 . The magnets are supposed to be unmagnetized, having a relative magnetic permeability of 1.1, and no electrical conductivity.
In order to compute the magnetic field strength in the magnet due to stator current, H 0 , it is necessary to consider the three phases supplied. Therefore the total fundamental MMF can be expressed by: 
Where w k is the global winding factor, p is the pole pair number, and spp N the number of turns per pole pair and per phase. The system of equations considered is composed of the Ampere's law (2) and the Gauss' law (3). This latter neglects the reaction of the magnet induced eddycurrents in field calculation. This system of equations is completed by the constitutive relations of the materials (4).
Where c k is the Carter's coefficient. With:
A combination of (2), (3), and (4) allows writing the equation driving the magnetic field in the magnets:
B. Eddy-current loss estimations In the case of parallelepiped shape magnets submitted to an alternative magnetic field, eddy-current occurs as described in Fig. 5 . The goal of the following section is to compute these eddy-currents and the associated losses at low and high frequency. 
B1. Formula without skin effect
The eddy-current losses can be computed analytically using various expressions depending on the working conditions.
A low frequency analytical formulation for time average eddy-current per unit volume computation is proposed in [12] :
When the skin effect is to be considered at higher frequencies, equation (6) is not adequate, because the flux density in the magnet is no longer homogeneous [13] .
B2. Formula with skin effect
The skin effect occurs in the magnet when the overall dimensions are larger than the skin depth: t/2 > δ and l/2 > δ the skin depth is defined by:
It is assumed that the distribution of local electromagnetic quantities is independent of the magnet thickness. The analytical resolution to get magnetic field in the magnet can be simplified to the resolution of 2D Maxwell's equations, in the plane (Oxz) presented in Fig. 5 . Taking into account the induced currents, the theoretical expression of the magnetic field is given by [6] [14] . 
Formula (9) can be used to estimate power loss in a single magnet excited by homogeneous field, and then it will be applied in the case of a magnet inserted in the machine.
IV. FINITE ELEMENT METHOD FOR FIELD AND LOSS CALCULATIONS

A. Harmonic method with locked rotor
3D harmonic FE analysis is used to validate the analytical model proposed in equation (9) . Only one of the 4 pole-pairs of the studied PM synchronous machine has been modeled, with periodic boundary conditions in  and Z direction (Fig.  1) .
In this method, the principle of superposition of harmonic fluxes can be applied, each of the relevant harmonics (Table  II) , generates corresponding eddy-currents in magnets. The rotor is considered at standstill and equivalent travelling current sheet rotates around it [15] . The total eddy-current losses in the magnet are given by the sum of the losses of each relevant harmonic.
The magnetic flux density field in the 3D harmonic FE analysis is derived from the magnetic vector potential A  and solving the following equation [16] : Where J  is source current density, e J  is the eddycurrent and µ is the permeability.
The current density in the magnet is given by Faraday-
Maxwell's equation solved with A 
and V (V is electric scalar potential) and the Ohm's law:
With σ is the conductivity of the magnet.
B. Eddy-current losses computation
The losses are evaluated in every element volume of permanent magnet as following:
With n is number of element, V i element volume of each element in the magnet, J et J i * are current density and conjugate current density in the magnet.
V. COMPARISONS BETWEEN ANALYTICAL AND FE RESULTS
A. Effect of the mesh on loss estimation
The skin effect is accurately considered in the FE model if the element size of mesh is lower than half the penetration depth δ. When skin effect can be neglected, Fig. 6 .a, the refined mesh size has not an influence on the results. Contrary, as shown in Fig. 6 .b, the mesh size should be considered in the presence of skin effect due to a steep variation of the electrical values along the geometrical dimensions.
As shown in Fig. 7 , for parallelepiped mesh of dimensions e x * e z , with e x and e z representing respectively the mesh sizes along Ox and Oz, the skin effect can be considered precisely when both the ratios (δ/e x ) and (δ/e z ) exceed 2. Each curve for each ratio, P EF FE1 for δ/e x and P EF FE2 for δ/e z , tend to an asymptote when the ratios increase above 2.
The local flux density is homogeneous along the thickness of the magnets. This has been verified in FE model.
B. Study of a single magnet excited by a homogeneous field
In this part, a single magnet is considered. It has the same dimensions and properties of the one in the machine. It is excited by a harmonic external homogenous magnetic field at various frequencies.
The local quantities, B and J, are computed with analytical formulas derived from the one (8) developed for magnetic field calculation. A comparison between the analytical calculation of these local quantities and their FE computation is carried out to check the validity of the analytical method. The results plotted in Fig. 8 and Fig. 9 show the good agreement between the obtained values. One can hope good agreement concerning the loss evaluation when local quantities match well.
(a) Eddy-current without significant skin effect at f =1Hz (b) Eddy-current with skin effect at frequency f = 8 kHz The results given by the different methods presented for the evaluation of eddy-current losses are presented in Table  III . The comparison between the results at different frequencies clearly shows the very good behavior of the formulation (9) that includes skin effect.
C. Study of the magnet inside the machine
The previous statement with analytical loss estimation is now considered with magnets as a part of the whole machine. The magnetic materials are taken linear, which is not an exaggerated hypothesis in the case of high speed machine that are often unsaturated to avoid excessive heating provoked by iron losses. A 1A/m² current density is injected in the stator slots of a synchronous machine.
In the following the formulation (6) will not be considered any longer. Therefore this part of the study will only be based on formulation (9) . To avoid meshing impediments, a set of simulations is first performed where the length of the machine is chosen with respect to the skin depth. In this case, the length of the machine will be equal to three times the skin depth. This permits to maintain at least 3 elements along the skin depth limiting the computation time below 1h30. The local electromagnetic quantities and the eddy-current losses in the magnets are computed with the analytical method and with the FE method for various frequencies. A comparison between local electromagnetic quantities is carried out and presented in Figs. 10 and 11. It can be observed a good agreement between analytical and 3D-FE-computed magnetic flux densities and induced currents along two cross line in the magnets. The skin effect is thus well taken into account. The losses are summarized in Table IV . The presented results show that the analytical estimation of eddy-current losses in the magnets are about 25% less than those estimated with FE.
The reference machine, defined in Table I , has a larger stack length. Therefore the system dimension in FE analysis is greater and leads to more important computation time, about 48h. The losses in the magnets are computed for various frequencies listed in Table V. The comparison between analytical and FE results shows some deviation in case of variable stack length with frequency or in the case of the reference machine. Several reasons can explain a part of this deviation. First the contribution of q-axis current in eddy-current losses contribution is neglected in the analytical approach. However this contribution can explain why the absolute deviation increases with the frequency, the losses due to qaxis current also increase with frequency. Second the magnetic field computed with (5) can be imprecise due to simplifying hypothesis needed to set it up. Finally the hypothesis of field homogeneity across the magnet thickness is not fully satisfied in the machine, there are some side effects.
VI. CONCLUSION
In this paper, two ways of computing eddy-current losses in the IPMSM have been proposed. A complete analytical approach is described and compared to a numerical approach involving 3D-FE harmonic computations with the "locked rotor" test. The results show an acceptable deviation between both approaches in the case where skin effect appears. This phenomenon must be well addressed by both the analytical and 3D-FE method. It particularly concerns the mesh of 3D-FEM and the harmonic number in the analytical model.
An advantage of the analytical method is precisely to account for that skin effect and to estimate the eddy-current losses with a sufficient precision for a design stage. Moreover its very low computation time, less than one second, makes this approach very suitable for an iterative optimal design procedure. However, the field computation presents some deviations because of the simplified geometry and the neglect of the magnet eddy-current. Furthermore, the variation of the magnetic flux density in the q-axis is not considered for loss calculation.
On the other hand the 3D-FE harmonic approach based on "locked rotor" method is more precise and can be involved in the detailed analysis of existing structures. In addition to, there is no need of large amount of CPU time or in storage space. His research interest is with energy conversion systems (motors, actuators, generators) and concerns the modeling, the design and the optimization of these equipments for specific applications. 
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